The objective of this study was to assess the ability of combined photothermal wave (PTW) imaging and optical coherence tomography (OCT) to detect, and further characterize the distribution of macrophages (having taken up plasmonic gold nanorose as a contrast agent) and lipid deposits in atherosclerotic plaques. Aortas with atherosclerotic plaques were harvested from nine male New Zealand white rabbits divided into nanorose-and saline-injected groups and were imaged by dual-wavelength (800 and 1210 nm) multifrequency (0.1, 1 and 4 Hz) PTW imaging in combination with OCT. Amplitude PTW images suggest that lateral and depth distribution of nanorose-loaded macrophages (confirmed by two-photon luminescence microscopy and RAM-11 macrophage stain) and lipid deposits can be identified at selected modulation frequencies. Radiometric temperature increase and modulation amplitude of superficial nanoroses in response to 4 Hz laser irradiation (800 nm) were significantly higher than native plaque (P < 0.001). Amplitude PTW images (4 Hz) were merged into a coregistered OCT image, suggesting that superficial nanorose-loaded macrophages are distributed at shoulders on the upstream side of atherosclerotic plaques (P < 0.001) at edges of lipid deposits. Results suggest that combined PTW-OCT imaging can simultaneously reveal plaque structure and composition, permitting characterization of nanorose-loaded macrophages and lipid deposits in atherosclerotic plaques.
Dual-wavelength multifrequency photothermal wave imaging combined with optical coherence tomography for macrophage and lipid detection in atherosclerotic plaques using gold nanoparticles 1 Introduction Atherosclerosis remains the leading cause of death worldwide. 1 The macrophage is an important early cellular marker that provides information relevant to the risk of future rupture of atherosclerotic plaques. Macrophage infiltration into the intimal layer of plaques accelerates inflammation by releasing matrix metalloproteinases (MMPs), which erode the fibrous cap and make the plaques more prone to rupture. 2, 3 Lipid is another important constituent in the progression of atherosclerosis. After entering an activated endothelial layer, low-density lipoproteins (LDL) are taken up by macrophages which have entered the arterial wall. These LDL-loaded macrophages are observed in the lipid core as foam cells in postmortem vulnerable plaques. 4, 5 Since the vulnerability of plaques is related to cellular composition as well as anatomical structure, 6 developing a diagnostic method that can simultaneously reveal both is critical to identify vulnerable plaques and would allow the determination of macrophage density in longitudinal studies in response to therapies without cutting tissue.
Optical coherence tomography (OCT) has been demonstrated to visualize microstructural features such as fibrous cap and surface structure of atherosclerotic plaques with high resolution. 7-10 Although Tearney et al. showed a correlation between OCT and histological measurements of macrophage density in the center of fibrous caps, 11 and more recently, Liu et al. showed that micro-OCT is capable of detecting plaque-based macrophages with higher resolution, 12 the specificity of OCT/micro-OCT alone to identify macrophages is limited by scattering contrast between macrophages, lipids and other plaque components such as crystals of cholesterol esters and microcalcifications. Photothermal wave (PTW) imaging is a potential screening tool for imaging and distinguishing macrophages and lipid deposits in atherosclerotic plaques. PTW imaging is based on absorption of light by targeted chromophores, which generate a periodic thermal modulation. [13] [14] [15] Differences in optical absorption among tissue constituents provide contrast in PTW imaging. 16 Multiwavelength PTW imaging can selectively visualize different chromophores in plaque that absorb at selected laser irradiation wavelengths. Multifrequency PTW imaging can localize chromophores at multiple depths due to different thermal diffusion lengths at selected modulation frequencies. 17 The combination of PTW imaging and OCT may identify the distribution of macrophages and lipid deposits in the context of anatomical plaque structure in a single merged PTW-OCT image.
No endogenous optical absorption contrast exists between macrophages and other plaque components. A novel gold nanoparticle called nanorose was developed by our group to serve as a macrophage targeting chromophore and has been shown to be taken up much more aggressively by macrophages than either aortic smooth-muscle cells or aortic endothelial cells. 18 The 30-nm-diameter nanoroses are formed by kinetically controlled assembly of thin-gold-shell-coated iron oxide nanoparticles in aqueous medium. Nanoroses were injected intravenously, engulfed by plaque-based macrophages or blood-based monocytes due to a dextran coating, 19 and utilized as a contrast agent for PTW imaging to identify macrophages. Broad (650 to 800 nm) near-infrared (NIR)absorption of nanorose with an absorption cross-section (in solution) of 3.1 × 10 −14 m 2 at a wavelength of 800 nm is achieved by the asymmetric coreshell geometry and plasmonic effects from close spacing between primary particles in the cluster [ Fig. 1(a) ]. Nanorose specificity is provided, since the absorption spectra of lipid and other plaque components are known to nadir at 800 nm, 20 while nanorose has high absorption at this wavelength. Moreover, since fatty acids have a local absorption maxima around 1210 nm, while the absorption of water is relatively lower and nearly constant in this spectral range [ Fig. 1 21, 22 lasers that emit at wavelengths of 800 and 1210 nm were selected to target nanorose and lipid respectively in PTW imaging. Nanorose concentration of ∼2 × 10 10 particles∕ml, approximately equal to that on plaque surfaces in our ex vivo animal studies, was measured; and corresponding nanorose absorption coefficient spectrum is shown in Fig. 1(b) .
In this study, we demonstrate for the first time that combined PTW-OCT imaging can identify nanorose-loaded macrophages and lipid deposits in a rabbit atherosclerosis model. Presence of nanorose-loaded macrophages was confirmed by colocalization of two-photon luminescence (TPL) microscopy of nanorose and RAM-11 stain of macrophages in histological sections. Our results suggest that nanorose-loaded macrophages are: 1. localized at the shoulders on the upstream side of atherosclerotic plaques associated with lipid deposits; and 2. detected superficially within 20 μm of plaque surface. This approach could be used to characterize the distribution of nanorose-loaded macrophages and lipid deposits in atherosclerotic plaques.
Materials and Methods

Macrophage Cell Culture
To demonstrate nanorose uptake by macrophages, C57/BLK6 mouse peritoneal macrophages were incubated with nanorose suspension. Macrophage cells were cultivated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), L-glutamine (2 mM), penicillin (50 U∕ml) and streptomycin (100 μg∕ml) at 37°C in 5% CO 2 . To load cells with nanorose, macrophages were incubated with nanorose suspension (approximately 3 × 10 9 nanoroses∕ml) in phenol-red-free and serum-free DMEM overnight. Nanoroseloaded macrophages and control macrophages without nanorose were imaged by transmission electron microscopy (TEM).
Preparation of Rabbit Arterial Tissues
A rabbit animal model of atherosclerosis was used to create macrophage-rich atherosclerotic plaques in the aorta. 24 Nine male New Zealand white rabbits were fed a 0.25% cholesterol chow for six months. Six rabbits (positive group) were sacrificed three days following marginal ear vein injection with nanorose (1.4 mg Au/kg rabbit body weight) as done previously. 25 The dose of nanorose injection used in this study is comparable to the current Food and Drug Administration (FDA)-approved value of 100 mg for a single injection of gold sodium thiomalate (per a 70 kg human body) used in the treatment of rheumatoid arthritis. 26 The remaining three rabbits (control group) were sacrificed three days following saline injection. The aortas were harvested, cut open, flushed clean of red blood cells and placed in sample containers with saline and stored at 4°C before use. Several plaque segments (about 8 × 8 × 2 mm 3 ) were harvested from the aortas (44 plaque segments from the positive group and 30 plaque segments from the control group) and positioned en face onto glass-slide sample holders with the luminal side face up to be imaged by PTW imaging and OCT. Orthogonally oriented tape rulers affixed to sample Fig. 1 (a) Absorbance spectrum of nanorose colloidal suspension. Inset shows a scanning electron microscopy image of a single nanorose cluster. (b) Absorption coefficient spectra of arterial tissues, lipid, water and nanorose. Nanorose concentration was typical of that found inside macrophages on plaque surface, based on surface radiometric temperature measurement in response to a pulsed laser irradiation at 800 nm. 23 holders indicated coordinate positions of plaque segments so that recorded PTW and OCT images could be coregistered. All imaging experiments were completed within 12 h after animal sacrifice. The animal protocol was approved by the Institutional Animal Care and Use Committee at the University of Texas Health Science Center at San Antonio.
Imaging Systems
PTW Imaging
Schematic diagram of a custom-built PTW imaging system used in this study is presented in Fig. 2(a) . Two lens-coupled fiber-optic lasers (FCTS/B, Opto Power; 1200-001, Candela) that emit at wavelengths of 800 and 1210 nm respectively with radiant output power of 0.25 W were used to irradiate plaque segments to induce PTWs. A 50-mm-diameter lens (f ¼ 40 cm) was used to focus the laser beam to a 1-cmdiameter spot size on the plaque segments. A mechanical shutter controlled by a function generator (not shown in Fig. 3 ) intensity-modulated continuous laser light at fixed frequencies (0.1, 1, and 4 Hz) with a 50% duty cycle. The infrared (IR) signal (radiometric temperature) emitted from plaque surface was reflected by a dichroic beam splitter and recorded by an IR camera (SC6000 with an InSb detector (3.0 to 5.0 μm), FLIR) over a 20-second time period at a frame acquisition rate of 25.6 Hz. The extraction of amplitude and phase PTW images (256 × 320 pixels) at each modulation frequency was performed by computing a fast Fourier transform (FFT) at each pixel of the recorded temporal IR image sequence.
OCT
A swept-source (SS) laser (HSL-1000, Santec) with center wavelength of 1060 nm and a bandwidth of 80 nm scanning at a repetition rate of 34 kHz was used in the custom-built intensity OCT system [ Fig. 2(b) ]. Power at the sample arm was 1.2 mW. The measured free-space axial resolution was 20 μm with a 2.8 mm scan depth. The OCT signal was sampled with a linear k-space sampling clock to allow real-time OCT image acquisition and display. The linear k-space clock was generated from a portion of the source light directed into a Mach-Zehnder interferometer and detected by a balanced detector. This clock signal was filtered, frequency-quadrupled and used as the input to the external clock port of the analog-todigital converter (ADC) card. The laser sweep rate governs the A-scan rate of 34 kHz, and images were acquired at a rate of 68 B-scans per second with 500 A-scans per B-scan.
TPL Microscopy
Measurements of TPL from nanoroses were performed using the custom-built NIR laser-scanning multiphoton microscope described in a previous study. 27 As the TPL excitation source, a femtosecond Ti:Sapphire laser (Mira 900, Coherent) with excitation wavelength of 800 nm was used. The laser beam entering the microscope was modulated by an acousto-optic modulator (AOM: 23080-1, NEOS Technologies). The focal volume of the objective lens (20×, NA ¼ 0.95, water emersion, Olympus) was scanned along the sample in the x-y plane using a pair of galvanometric scanning mirrors (6215HB, Cambridge Technology) to produce two-dimensional images. TPL from plaque Fig. 2 Schematic diagrams of (a) PTW imaging instrumentation to measure the IR signal from plaques in response to periodic laser irradiation (800 and 1210 nm); and (b) intensity OCT system to measure plaque surface structure ("SS": swept source). segments was detected by two photomultiplier tubes (PMT1: H7422P-40, PMT2: H7422P-50, Hammamtsu) through a dichroic beam splitter (FF735-Di01, Semrock). TPL emission spectra (in response to 800 nm excitation) of plaque components such as collagen, elastin fibers, oxidized-LDL, neutral lipid and calcification are well below 650 nm, [28] [29] [30] while nanorose has intensive and broad luminescence emission within the wavelength band of 650 to 750 nm. Endogenous plaque fluorescence and nanorose luminescence were separated by a long-pass filter (E570LP, Chroma Technology) with reflection wavelengths shorter than 570 nm and a band-pass filter (HQ700/75m, Chroma Technology) with center wavelength of 700 nm. Wavelengths shorter than 570 nm from endogenous plaque fluorescence were collected by PMT1. Wavelengths longer than 570 nm from nanorose luminescence transmitted through the band-pass filter and were collected by PMT2. The average Ti:Sapphire-laser power incident at the tissue surface was 20 mW, and no nanorose damage or photobleaching effect was observed during imaging.
Histology Analysis
Aorta sections (5 μm in thickness) were immersion-fixed in formalin, processed with paraffin embedding and stained with RAM-11, 31 a marker of rabbit macrophage cytoplasm.
Statistical Analysis
Statistical analysis was performed using SPSS Software for Windows (Version 19.0.0, SPSS). Radiometric temperature increase of plaque is given as mean temperature increase per excitation pulse over specific regions (nanorose regions in the positive group and plaque regions with no nanorose in the control group) in each plaque segment using PTW imaging. The comparison of superficial nanorose distribution in plaques is given as an area percentage of nanorose at plaque shoulders on the upstream versus downstream side. A two-tailed independent-sample student's t test was performed for comparison of mean temperature increase of plaques from positive and control groups. The findings of nanorose distribution in plaques from the positive group were compared by applying a two-tailed paired-sample student's t test. A two-tailed P value less than 0.05 was considered statistically significant for both tests.
Analysis of Area Percentage of Nanorose in Plaques
Area percentage of nanorose at plaque shoulders on the upstream versus downstream side in each plaque segment (N ¼ 44) in the positive group was calculated according to the ratio of nanorose pixel number defined by the pixel number of nanorose at plaque shoulders on the upstream versus downstream side, respectively, to a total pixel number of nanorose in each plaque segment. ImageJ software was used for the percentage measurement. Data are presented as mean ± standard deviation.
3 Results
Nanorose Uptake by Macrophages
After 24-hour macrophage incubation, nanoroses are observed to accumulate in lysosomes inside macrophages [ Fig. 3(a) ]. Nanoroses are not localized in all lysosomes but appear more frequently in those close to the cell surface. Both single nanorose and nanorose clusters are observed [inset in Fig. 3(a) ], suggesting that nanoparticle aggregation occurs during macrophage internalization. Dense accumulation of nanoroses in lysosomes indicates substantial macrophage endocytosis of 30-nm dextrancoated nanorose in cell culture.
Nanorose Identification by TPL Microscopy in Histological Sections
TPL microscopy was used to identify the presence of nanorose in unstained histological sections (5 μm in thickness) excised from plaque segments in the positive group. To demonstrate plaque fluorescence and nanorose luminescence simultaneously, TPL images from the two PMTs were recorded separately and merged into a single image. Figure 4 (a) illustrates a TPL image of plaque measured with emission wavelengths shorter than 570 nm. Figure 4 (b) shows nanorose TPL collected through a 700 nm band-pass filter. These two images collected in separate emission wavelengths were assigned to different channels (plaque: green channel; nanorose: red channel) and merged [ Fig. 4(c) ]. In images presented throughout the remainder of this manuscript, endogenous fluorescence from plaque is green while luminescence from nanorose is red.
PTW Imaging of Superficial Nanoroses and Lipid Deposits in Atherosclerotic Plaques
Plaque segments from positive and control groups were irradiated by 800-and 1210-nm laser radiation at a frequency of 4 Hz to generate PTWs from superficial chromophores (nanoroses and lipid deposits that are within 100 μm in depth from plaque surface). Amplitude and phase PTW images at a modulation frequency of 4 Hz were computed ( to distinguish nanorose from plaque. Figure 6 (a) shows the average radiometric temperature response from red-square areas in Figs. 5(a) and 5(c). The highest radiometric temperature increase and modulation amplitude were observed in regions with nanorose aggregation from the positive group over the first ten seconds after laser irradiation. In contrast, a much lower radiometric temperature increase and smaller modulation amplitude were observed in the control group. Figure 6(b) shows the comparison of mean radiometric-temperature increase per excitation pulse at regions with (red) and without (blue) nanorose in all plaque segments from positive and control groups respectively. An independent-sample student's t test reveals a significantly higher mean radiometric-temperature increase per excitation pulse at nanorose regions in the positive group compared to the control group (P < 0.001).
Overlay of 800-and 1210-nm amplitude PTW images from Figs. 5(a) and 5(b) shows the relative spatial distribution of nanorose and lipid deposits [ Fig. 7(a) ]. Red regions in Fig. 7(a) show locations of superficial nanorose aggregates as detected by PTW imaging at 800 nm. Detected regions of nanorose correspond to the edges of superficial lipid deposits. Nanorose is not present at all lipid edges but at discrete locations (e.g., 1B, 1C, 2A, 3B, 3C) in Fig. 7(a) . The blue dashed line represents a region with nanorose accumulation in the overlay image [ Fig. 7(a) ], consistent with the histological section from the same region where a dense accumulation of macrophages is identified by RAM-11 stain [ Fig. 7(b) ]. In contrast, macrophages are not observed [ Fig. 7(c) ] in regions with no PTW signals from nanorose [yellow dashed line in Fig. 7(a) ].
Merged TPL images from an unstained histological section adjacent to the section in Fig. 7(b) are shown in Fig. 7 (e) through 7(g) with increased magnification. Strong TPL signals from nanorose are observed [red color pointed by yellow arrows in Fig. 7(g) ]. Endogenous plaque fluorescence, which may originate from elastin fibers and collagen, 28, 30, 32 is also observed in the plaque [green color in Fig. 7 (e)-7(j)]. Nanoroses identified by TPL microscopy co-localize with superficial macrophages [ Fig. 7(g) ], indicating that PTW signals at 800 nm laser irradiation are generated by nanorose-loaded macrophages. The size of nanorose aggregations in macrophages varies from less than 1 μm to about 10 μm [ Fig. 7(g) ], suggesting that the concentration of engulfed nanoroses in macrophages is variable. Although macrophages are observed as deep as 200 μm from the plaque surface [ Fig. 7(b) ], nanorose distribution is restricted within the first 20 μm [ Fig. 7(g) ]. This observation may suggest that the nanorose-loaded macrophages mostly reside in the very superficial regions of intima and have not migrated to deeper locations up to three days after intravenous nanorose injection. In a region of the same plaque segment from the positive group where no PTW signals from nanorose are detected [ Fig. 7(c 
Multifrequency PTW Imaging in Combination with OCT
Detection of chromophores located deeper in the tissue using PTW imaging requires reduced laser modulation frequencies.
Therefore, laser modulation frequencies of 0.1 and 1 Hz were applied to visualize deeper nanorose-loaded macrophages and lipid deposits (600-and 200-μm thermal-diffusion lengths in response to 0.1 and 1 Hz laser modulation frequencies respectively). In Fig. 8 , amplitude PTW images at three modulation frequencies are shown. At 800-nm laser irradiation, nanoroses produce the strongest PTW signals at 4 Hz [ Fig. 8(c) ], much weaker at 1 Hz [ Fig. 8(b) ] and negligible signal contrast at 0.1 Hz [ Fig. 8(a) ], suggesting that nanorose-loaded macrophages are primarily superficially distributed in the plaque (i.e., < 100 μm), consistent with merged TPL microscopy images [red color in Figs. 8( 
At 1210-nm laser irradiation, lipid deposits produce strong PTW signals at all three frequencies, denoted by black arrows in Figs. 8(d) and 8(f). This observation indicates that lipid deposits distribute over multiple depths in the plaque. The bright region where the arrow points in Fig. 8(d) Fig. 8(h) ]. Merged TPL images from an unstained histological section adjacent to the section in Fig. 8 (h) are shown in Fig. 8 (i) through 8(k). Strong TPL signals from nanorose are observed within 20 μm from plaque surface [ Fig. 8(k) ] and endogenous plaque fluorescence from elastin fibers and lipid droplets is also observed [ Fig. 8(j) ]. Interestingly, Fig. 8(g) shows that superficial lipid deposits are surrounded by nanorose-loaded macrophages located close to the shoulders of the plaque. The relative distribution of nanorose-loaded macrophages to lipid deposits is consistent with that in Fig. 7(a) and observed repeatedly in other plaques (19 of 44 plaque segments (43%) in the positive group). Of note is that the direction of blood flow in the live animal is from top to bottom in the image, as depicted by red arrows above Fig. 8(g) .
Discussion
The presently employed imaging contrast agent, nanorose, represents a novel gold nanoparticle that is taken up by macrophages. Many investigators have noted that particle size is an important factor in cellular uptake of gold nanoparticles. Chithrani et al. observed that gold-nanoparticle endocytosis by Hela cells is strongly size dependent, with higher uptake rates for particle sizes between 30 and 60 nm. 35 Recently, Jiang et al. showed that the internalization of Herceptin-gold nanoparticles by human breast-cancer cells was most efficient at 25-to 50-nm size range. 36 Furthermore, larger nanoparticles tend to have a short blood half-life and are quickly removed from circulation by liver and spleen. 37 In contrast, smaller nanoparticles have a longer blood residence time, giving greater chance of being taken up by circulating blood-based monocytes and plaque-based macrophages. 38 Therefore, nanorose with a 30-nm particle size and non-ionic dextran coating is potentially effective to increase macrophage uptake and decrease opsonization and subsequent removal by liver and spleen. In this study, a three-day interval between nanorose injection and PTW-OCT imaging was used to ensure nanorose uptake by macrophages. However, this time interval may not be clinically optimal. Interestingly, magnetic susceptibility artifacts induced by the injected ferumoxtran-10 (one type of ultrasmall superparamagnetic nanoparticles of iron oxide) have been detected optimally in the carotid arteries of patients 24 to 48 h after the injection, while almost no signal contrast was observed at 72 h, 39 a result which suggests that shorter time intervals may be considered in future studies.
In this study, the majority of nanoroses observed were found to be superficial and localized at the shoulders of plaques, especially on the upstream side of lesions, suggesting that macrophages which had engulfed the nanorose were colocalized at these regions. A paired-sample student's t test reveals a significantly larger area percentage of nanorose at shoulders on the upstream compared to the downstream side (P < 0.01) of the plaques [ Fig. 8(l) ]. This finding is consistent with a previous study by Dirksen et al., who showed that 67% of the 33 human carotid plaques collected contained more macrophages in upstream shoulder regions where higher flow rate and higher shear stress prevails. 40 Recently, a review by Slager et al. confirmed that macrophages predominate on the upstream side of the plaque induced by high shear stress. 41 In fact, increased expression of MMPs by macrophages in plaques appears to be restricted to shoulder regions of plaques. [42] [43] [44] [45] Moreover, rupture of atherosclerotic plaques has been reported to occur predominantly at macrophage-rich shoulders of the plaque's fibrous cap. 40, [46] [47] [48] Therefore, the observation of high density of nanorose, engulfed by macrophages, at plaque shoulders on the upstream side in our study demonstrates that a combined PTW-OCT imaging approach with nanorose as a contrast agent has predictive value for plaque vulnerability.
Most nanoroses detected by TPL microscopy were superficial, within 20 μm from plaque surface. However, RAM-11 stained macrophages were distributed as deep as 200 μm. This observation suggests that only superficial macrophages in the plaque took up nanorose. Macrophages that already migrate into deeper locations may not be able to take up nanorose either, because nanorose cannot penetrate deeply into the intima, or because probability of nanorose's delivery through the vasa vasorum is low or does not occur. Moreover, apoptotic and necrotic macrophages contribute to lipid core formation in plaques, 49 and these macrophage debris could stain RAM-11 positive but are not intact and are unable to take up free nanorose in situ.
Although nanorose uptake by macrophages has been identified in our cell culture study (Fig. 3) , the transport pathway of nanorose to plaque-based macrophages is not clear. Previous studies have proposed three mechanisms for transport of superparamagnetic nanoparticles to arterial tissue: 50-53 1. nanoparticles are endocytosed by activated blood monocytes which migrate through the lumen into the intimal surface; 2. transcytosis of nanoparticles across the endothelium and into the intima followed by uptake by in situ macrophages; and 3. diffusion of individual nanoparticles into the adventitia via the vasa vasorum. Our PTW imaging (at 0.1-Hz laser modulation) and TPL microscopy results of a plaque segment [ Fig. 8(a) ] and histological section [ Fig. 8(i) ], respectively, show that nanorose is not detected at deeper plaque locations (e.g., 100 to 600 μm), suggesting that nanorose transport via the vasa vasorum may not have occurred in our study. Interestingly, TPL images of a histological section of plaque from the positive group show a "snapshot" of a nanorose-loaded monocyte-like cell entering the plaque surface ( Fig. 9 ). Sparsely distributed nanoroses are visible inside the cell. This image suggests that nanoroses can be first endocytosed by monocytes in the blood stream and then enter the plaques through the lumen. However, further study is needed to determine the relative contributions of these proposed mechanisms to enhance the clinical value of PTW-OCT imaging.
We demonstrate for the first time that dual-wavelength multifrequency PTW imaging can be used to detect and distinguish plaque components. With excitation wavelengths that match high-absorption spectral regions of different chromophores in atherosclerotic plaques, PTW imaging provides contrast for nanorose-loaded macrophages and lipid deposits. Moreover, axial distribution of nanorose-loaded macrophages and lipid deposits can be determined at selected laser modulation frequencies, giving additional diagnostic information of atherosclerotic plaques, such as macrophage infiltration depth and lipid core location. Although OCT shows tomographic plaque surface structure and is able to resolve fibrous caps (usually less than 65 μm in thickness), this imaging method alone does not provide specificity for macrophages and lipid deposits due to lack of scattering contrast among different plaque components. Merged tomographic PTW-OCT images can simultaneously reveal plaque composition with respect to plaque surface structure, a function which substantially enhances the capability of OCT in the study of characterizing plaque components and allows observation of known biological phenomena (e.g., macrophages distributed at shoulders on the upstream side of atherosclerotic plaques). From a clinical perspective, imaging macrophages and lipid deposits in the context of plaque surface structure offers the ability to identify plaque regions more prone to rupture. Our study utilized ex vivo tissues, and the clinical translation of combined PTW-OCT imaging would face many implementation challenges. Beard et al. demonstrated an optical-fiber photoacoustic-photothermal probe 54 which has the potential to perform intravascular PTW imaging. Recently, photothermal OCT systems 25, [55] [56] [57] have been reported to record optical pathlength variation due to thermalelastic and thermorefractive changes induced by absorption of incident radiation. Both candidate approaches require engineering development to incorporate into an intravascular catheter. The motivation for future development of intravascular PTW imaging in combination with an OCT catheter 58, 59 during heart catheterization to detect nanorose-loaded macrophages and lipid deposits in plaques in vivo appears promising. Intravascular PTW-OCT imaging using nanorose as a contrast agent could allow clinical studies that monitor nanorose-loaded macrophages in response to various therapeutic interventions in vivo. Such an imaging tool would be of value to determine macrophage and lipid density over time rather than the current standard of autopsy studies, which provide a single time point measurement.
Conclusion
By utilizing PTW imaging in response to 800-and 1210-nm laser irradiation, we demonstrated detection of PTW signals from nanorose and lipid deposits in atherosclerotic plaques. Moreover, multifrequency (0.1, 1 and 4 Hz) PTW imaging can be used to distinguish nanorose and lipid deposits distributed at different depths. Nanorose presence was also identified with TPL microscopy on histological sections. Colocalization of nanorose shown in TPL microscopy with RAM-11 stained macrophages suggests that PTW signals at 800-nm laser irradiation is generated by superficial nanorose-loaded macrophages. Amplitude PTW images (800 and 1210 nm) at a modulation frequency of 4 Hz merged with a coregistered OCT image demonstrated the location and distribution of superficial nanorose-loaded macrophages and lipid deposits with respect to plaque surface structure and direction of blood flow. Our results suggest that nanorose-loaded macrophages are distributed at plaque shoulders on the upstream side, at edges of lipid deposits and superficially located (within 20 μm from plaque surface). This ex vivo animal study suggests that combined PTW-OCT imaging is a promising imaging approach for multidepth screening of nanorose-loaded macrophages and lipid deposits in atherosclerotic plaques. Fig. 9 Coregistered TPL images of a nanorose-loaded monocyte-like cell entering the plaque surface from an unstained histological slice of plaque from the positive group. (a) TPL images of plaque measured at emission wavelengths shorter than 570 nm (green). (b) TPL images of nanoroses measured via a 700-nm band-pass filter (red). (c) Merged image of (a) and (b). Yellow arrow in (c) points to nanorose location. ("SP": short-pass (< 570 nm); "BP": band-pass (700∕75 nm)).
